tubule atrophy; acute kidney injury TUBULOINTERSTITIAL FIBROSIS (TIF) is the main pathology that drives progression of kidney disease to the end stage (9, 16, 29) . TIF comprises two components: tubule "atrophy" and interstitial fibrosis. The premise of progression often imputes a degree of autonomy to fibrosis that neglects the tubule component, whereas epithelial defects likely precede and evoke fibrosis in most renal disease (4, 9, 16, 23, 29) . In glomerular disease, tubule atrophy precedes fibrosis, and fibroblasts proliferate only around atrophic tubules (23) . On the other hand, defective repair of primary tubule damage during repetitive or single episodes of acute kidney injury (AKI) may also cause TIF (12, 30, 45) .
Tubule defects that cause TIF after AKI include increased activity of transforming growth factor (TGF)-␤ (14, 37), Notch (3), c-Jun N-terminal kinase (JNK) (10, 17, 27, 45) , plateletderived growth factor (PDGF)-B (39) , and connective tissue growth factor (CTGF) (45) . These abnormalities may be interconnected; and TGF-␤ may be a proximal trigger. TGF-␤, its receptors, and Smad signaling are increased in tubules proliferating after ischemia, suggesting an autocrine signaling loop (14, 31, 37) . TGF-␤ antibodies ameliorated the TIF that developed after AKI consistent with a role for the cytokine in fibroblast activation (37) . We studied another aspect of TGF-␤ in tubules-how autocrine signaling by this cytokine produces tubule pathology.
We found that TGF-␤ signaling is high in proliferating proximal tubule (PT) cells, suppressed in confluent differentiated cultures, and high again when confluent cultures dedifferentiate and proliferate after wounding (14) . Remarkably, TGF-␤ antagonism accelerated the differentiation of subconfluent PT cultures even as they proliferated, promoted redifferentiation of tubules regenerating after ischemic AKI, and decreased fibrosis (14) . We proposed that tubules recovering from AKI develop defects of "failed differentiation" caused by persistent regenerative signaling (41) . According to this theory, some tubules are repaired normally after AKI, but others fail to redifferentiate. Tubules with "failed differentiation" continue to signal vicariously by pathways triggered earlier to mediate dedifferentiation, migration, and proliferation. Signaling hyperactivity and cytokine secretion after AKI are regenerative responses that should subside after epithelial repair. Failure to suppress physiologically initiated signaling not only prevents redifferentiation but also drives fibrosis through persistent cytokine activity (41) .
Because our previous data suggested that persistently increased TGF-␤ signaling prevents redifferentiation of tubules being repaired after injury, we investigated possible mechanisms. There are proven TGF-␤ pathways that compromise epithelial integrity by disrupting cell junctions. Regardless, we used an unbiased approach to screen for other TGF-␤-depen-dent mechanisms that might alter the epithelial phenotype. Among proteins modified by TGF-␤ was PTEN, an antagonist of PI3K signaling. PTEN has lipid/tyrosine phosphatase-dependent and -independent activities that if not physiologically regulated could fundamentally alter cell behavior (34) . We found that tubule PTEN is suppressed when TGF-␤ signaling is persistently elevated and investigated its role in tubule repair. Our findings suggest that PTEN deficiency interferes with physiological recovery of tubules regenerating after injury and gives rise to an abnormal epithelial phenotype. The defective tubules that result are growth arrested, but they remain undifferentiated and retain proliferative signaling that is dysfunctionally profibrotic because it is persistent.
METHODS

Animals.
Male Sprague-Dawley rats were subjected to 45-min ischemia-reperfusion injury (IRI) of left kidneys and right nephrectomy (14) . After 4 h, 60 mg/kg of SD208 in 1% methylcellulose or vehicle were given orally, twice daily for 4 days. SD208 (SCIOS) is a TGF-␤ receptor antagonist (18) . Unilateral IRI (UIRI) was produced in 250-to 300-g male Sprague-Dawley rats under pentobarbital sodium anesthesia at 37°C. Left renal artery was clamped (aneurysm clips, Roboz instruments) for 40 min. Right kidney was untouched. Controls received sham surgery. Rats were killed after 2 and 4 wk of reperfusion (2 or 4 wk of UIRI). In another group, abdomen was opened 2 wk after UIRI and right kidney was removed. After 2 more wk, these rats were killed (4 wk left kidney UIRI with right nephrectomy at 2 wk).
Maleate AKI (48) was produced in ϳ250-g male Sprague-Dawley rats. A 110-mg/ml solution of maleic acid disodium salt (Sigma) in saline neutralized to pH 7.4 was injected subcutaneously at 1,100 mg/kg body wt. Controls received saline. A dose of 600 mg/kg produced AKI with PT necrosis in the outer stripe of outer medulla (OSOM) as reported for mice (48) , but this damage was fully repaired. To study injury with incomplete repair, we used more maleate. Serum creatinine was measured by HPLC (47) .
Mice with Pax8-rtTA/tet-o-TGF-␤1 and Pax8-rtTA/Ptet-TGF-␤1 transgenes were described (22) . Briefly, double transgenes to inducibly express TGF-␤ in kidney tubules were made by mating Pax8-rtTA mice expressing reverse tetracycline-dependent transactivator (rtTA) controlled by a mouse Pax8 promoter with tet-o-TGF-␤1 or P tet-TGF-␤1 mice expressing constitutively active TGF-␤1. Inclusion of 0.2 mg/ml of doxycycline (DOX) with 5% sucrose in drinking water resulted in tubule-specific TGF-␤ induction (22) . We obtained tissue from mice with DOX induction for 2, 3, or 4 days or over 6 cycles of DOX for 2 and 5 days without DOX. Tissues from mice with tubule-specific TGF-␤1 induction were compared with DOX-treated nonresponsive controls and with responsive mice without DOX. TGF-␤ production by tubules resulted acutely in epithelial dedifferentiation and degeneration and early proliferation of peritubular fibroblasts, and autophagic tubule death and fibrosis after multiple cycles of induction (22) .
Human biopsies. Research on formalin-fixed tissues in paraffin blocks received IRB approval (HSC20110282H). Pathology reports during 2009 -2010 were reviewed and biopsies were chosen for diagnoses of moderate or severe TIF and either normal kidney or normal kidney with minimal fibrosis. Hematoxylin and eosin (H&E)-and periodic acid Schiff-stained slides were examined and cases were screened for tissue adequacy and preservation. Biopsies with TIF included diagnoses of lupus nephritis, focal and segmental glomerulosclerosis, diabetic nephropathy, IgA nephropathy, and C-ANCArelated glomerulonephritis. Biopsies with normal tissue or minimal fibrosis included cases of minimal change disease.
Antibodies and reagents. Morphology and immunohistochemistry. Rat kidneys were perfusion fixed with periodic acid-lysine-paraformaldehyde (PLP) (14) . Mouse kidneys were perfusion fixed with 3% paraformaldehyde (PFA) in PBS or 3% PFA, 0.05% picric acid in cacodylate buffer/ sucrose with 10% hydroxyethylstarch in saline (22) . After antigen retrieval in 99°C 1 mM Tris-EDTA for 20 -30 min, deparaffinized sections were blocked with 2.5% horse serum before immunohistochemistry (IHC) with primary antibodies followed by ImmPRESS HRP polymer-conjugated secondary antibodies (14) . For AP polymerconjugated PHAE lectin and secondary antibodies, Mach2 system with Warp Red chromogen was used. PTEN staining intensities were semiquanitatively assessed by stereology. For immunofluorescence (IF), deparaffinized sections with antigen retrieval or cryosections of fixed tissue permeabilized with 0.5% SDS were used. Sections were examined by confocal fluorescence microscopy. TIF was graded 0 -5 after Masson Trichrome staining. PLP-fixed tissue was postfixed in 2% glutaraldehyde in 0.1 M Na cacodylate buffer pH 7.2 and 1% OsO 4 and processed for electron microscopy (EM) (14) .
Western blotting. Cortex and OSOM were dissected, frozen, and ground in liquid nitrogen and extracted with 4ϫ SDS Laemmli buffer. Protein loading was assessed by densitometry of Coomassie Bluestained gels and loading controls. Cultured cells were extracted with 1ϫ SDS buffer. SDS-PAGE and Western blotting were described (14) . PTEN was quantitated using IRDye 800-conjugated secondary antibodies (Rockland) and the Odyssey system (LI-COR).
Growth, wounding, and PTEN knockout of cultured PT cells. BUMPT cells (36) were grown (14) and wounded as described (24) . Female PTEN loxP/loxP mice (38) were bred with a male "Immortomouse" (Charles River) to get transgenes for T-antigen and either heterozygous PTEN ϩ/loxP or homozygous PTEN loxP/loxP . PT primary cultures from these mice were generated as described (14) (14) . After 7 days of IRI, the OSOM of kidneys was similarly affected in rats without or with SD208-dilated tubules lined by flat undifferentiated epithelium with Ki67 proliferation indexes marginally above those seen in rats without IRI (not shown). After 14 days of IRI without SD208, the OSOM and to a lesser degree the cortex showed focal TIF. Tubules associated with fibrosis continued to exhibit flat epithelium without brush border (Figs. 9 and 10 of Ref. 14) . Such abnormal tubules were fewer than expected from widespread damage seen by 1-3 days of ischemia and the proliferative response thereafter (not shown). We surmised that one set of previously damaged tubules had recovered normal structure even without SD208, whereas another population had been defectively repaired. In contrast, most tubules in the SD208 group at 14 days were normal and fibrosis was mild (illustrated in Figs. 9 and 10 of Ref. 14) .
By EM, tubules in fibrotic foci at 14 days were variably dilated and exhibited undifferentiated epithelium with occasional apoptotic nuclei (Fig. 1A) . In contrast, tubules close to but outside the TIF foci showed differentiated epithelium (Fig.  1B) . We also noted "mosaic" profiles of juxtaposed undifferentiated and differentiated PT epithelium within the same tubule (arrowhead, Fig. 1C ). Patches of undifferentiated epithelium but not normal cells in such mosaic tubules were associated with fibrosis (Fig. 1C, *) . Thus, there was dichotomy of fate with respect to differentiation not only between populations of tubules but also between cells in the same tubule. Location, ultrastructural features, and IHC markers distinguished these mosaic tubules from transitions of PT to descending thin limbs. Similar criteria showed that the majority of "atrophic" tubules associated with fibrosis were of PT origin. In kidneys of SD208-treated rats, most tubules were normal (Fig. 1D) .
Regenerating Fig. 2A) . By IF, the increased Smad2 localized to cytoplasm and nuclei of undifferentiated tubules in areas of TIF, but not of adjacent differentiated PT (not shown). We screened for events that might mediate the TGF-␤-induced tubule phenotype. By Western blotting, PTEN decreased early after IRI but rebounded by 2 days and increased to supernormal levels through 7 and 14 days ( Fig. 2A) . Phosphorylated Akt increased simultaneously ( Fig. 2A) , an unexpected finding in cells with high PTEN. Suspecting that the signals were averages of different cell populations, we examined PTEN by IHC.
PTEN localized to PT cytoplasm and nuclei before IRI and declined in most tubules by 1-3 days of IRI (not shown). By 7 days, there were two populations of tubules-one, lined by regenerating epithelium with low or absent PTEN in both vehicle-treated and SD208-treated rats-and the other with normal structure but increased PTEN staining relative to controls; the relative numbers of PTEN-deficient tubules and PTEN-replete tubules were similar between vehicle-treated and SD208 groups (Fig. 2, D and E) . By 14 days, IRI kidneys from vehicle-treated rats continued to show two populations of PT (Fig. 2G) . One set-tubules in foci of TIF-had little or no PTEN. The other set-between TIF foci-showed normal or more intense PTEN staining compared with tubules of control kidneys. There were sharp transitions of PT cells with intense PTEN staining to epithelium with little PTEN (Fig. 2G, inset) , corresponding to "mosaic" tubules seen by EM (Fig. 1C) .
We used stereology to measure tubule mass with low, normal, or high PTEN in the OSOM of kidneys. In normal kidneys, the distal nephron stained faintly for PTEN. Therefore, in controls, ϳ18% tubule mass corresponding to thick limbs, distal tubules, and collecting ducts received low scores of 1, reflecting staining intensities below that seen in normal PT (Fig. 2I ). In contrast, the proportion with little PTEN and a score of 1 was ϳ38% in 2-wk IRI kidneys treated with vehicle only, accounting for additional PT mass with little PTEN. Notably, the proportion with normal PTEN (score of 2) declined, and the fraction with increased staining (score of 3) was elevated, in IRI kidneys (Fig. 2I) . In IRI kidneys protected by SD208, the fraction with low-PTEN staining reverted back to control values, while that with high PTEN increased (Fig. 2I) .
Two weeks after IRI, tubules in foci of TIF showed increased staining for phospho-Akt (S473; not shown), reflecting the persistently increased signal seen by Western blotting ( Fig.  2A) . The IHC signal for phospho-S6 (S235/236), a reporter for Akt-mTOR activation, also remained increased in tubules associated with fibrosis 2 wk after IRI (Fig. 2K) , although the averaged signal by Western blotting had reverted back to control levels ( Fig. 2A) . Increased phospho-S6 in "atrophic" PT with low PTEN is a surprising finding, because Akt-mTOR signaling is associated with hyperplasia and hypertrophy and not with "atrophy" that better describes the PTEN-depleted epithelium. SD208 largely reversed the PTEN depletion and phospho-S6 increase seen 2 wk after IRI (Fig. 2L) .
Because PTEN-deficient tubules failed to recover normal structure after AKI, we surmised that they would express vimentin, a marker for dedifferentiation in regenerating PT, that becomes suppressed again as tubules redifferentiate (15, 39, 43, 44) . Atrophic tubules in chronic kidney disease (CKD) also express vimentin (15) . Tubules with PTEN lacked vimentin, and tubules associated with fibrosis showed vimentin but not PTEN (Fig. 3 , B, D, F). Vimentin-positive tubules coexpressed the epithelial marker keratin (not shown) as reported by Grone et al. (15) . Tubules with PTEN expressed differentiation markers: for the brush border, PHA-lectin (Fig. 3 , G and H), meprin and villin (not shown) and for basolateral membranes, ksp-cadherin and Na ϩ -K ϩ -ATPase (not shown). The association of PTEN and brush-border staining and reciprocal expression of PTEN and vimentin in differentiated and undifferentiated cells were observed in mosaic tubules as well (Fig.  3, F, G, H, I ). Indeed, single vimentin-positive undifferentiated cells without PTEN were often found within PTEN-positive, vimentin-negative differentiated epithelium, and vice versa (Fig. 4) . These mutually exclusive patterns of PTEN or vimentin expression and association of PHA-lectin binding with PTEN but not vimentin suggested that epithelial fate during repair had been decided at the single cell level. PTEN-deficient vimentin staining tubules were surrounded by fibroblasts expressing vimentin (Fig. 3, B, D, F) , type I and type III collagen (not shown), and (myo)fibroblast markers ␣-SMA and PDGFR-␤ (not shown). These tubular and interstitial repair responses were ameliorated by SD208 (Fig. 3C) . Undifferentiated "atrophic" tubules also expressed PDGF-B and CTGF, fibrogenic peptides that are vicariously produced by tubules in other models of fibrosis (32, 39) (data not shown; but illustrated for PDGF-B in Fig. 7 in Ref. 41) .
PTEN-deficient tubules exhibit persistently increased JNK signaling during fibrosis after ischemic AKI. Repair of kidney injury is associated with phlogistic and profibrotic signaling by c-Jun N-terminal kinase (JNK) (10, 26, 27, 45) and JNK inhibition decreases TIF after ischemia (10, 45) . JNK and c-Jun were activated by 2 h of IRI (Fig. 5A ) consistent with earlier work (33) . These early increases of JNK and c-Jun activation subsided over 24 h but did not return to basal levels, and they remained persistently increased over 2 wk (Fig. 5A ). Because repair of IRI would require not only the reconstitution of tubule structure and function but also the return to normalcy of regenerative signaling, we suspected that undifferentiated "atrophic" tubules were the seat of persistent JNK signaling. Accordingly, nuclear phospho-c-Jun was present in vimentinpositive tubules associated with fibrosis but not in vimentinnegative tubules 2 wk after IRI (Fig. 5, B and C) , and significantly decreased in tubules from kidneys protected by SD208 (Fig. 5, E and F) . Furthermore, PTEN-depleted undifferentiated tubules but not PTEN-replete differentiated tubules exhibited nuclear phospho-c-Jun (Fig. 5, G, H, I ).
Selective tubule damage is sufficient to produce the PTENdepleted JNK signaling epithelial phenotype associated with fibrosis. Ischemic injury of nontubule cells could produce fibrosis that secondarily causes tubule atrophy. Therefore, we investigated whether selective epithelial damage leads to the PTEN-depleted tubule phenotype and TIF. To this end, we used the maleate AKI model. Owing to transporter abundance, maleate enters PT cells in large amounts relative to other cells, compromises mitochondrial metabolism, and produces selective PT injury (48) . Injection of maleate produced AKI. Serum creatinine before maleate (mg/dl, means Ϯ SE) was 0.26 Ϯ 0.04, rising to 1.54 Ϯ 0.33 after 2 days and subsiding to 0.38 Ϯ 0.10 by day 14 (n ϭ 6, P Ͻ 0.005 for days 0 and 14 vs. day 2). Corresponding values in saline controls were 0.19 Ϯ 0.05, 0.19 Ϯ 0.03, and 0.17 Ϯ 0.02 (n ϭ 5). Two days after maleate, we found PT cell death, extensive in the OSOM and focal in the cortex (not shown). After 7 days, tubules showed regenerative changes with interstitial hypercellularity. After 14 days, most tubules had recovered normal structure but there was focal TIF, indistinguishable from that seen after IRI (Fig. 6, A  and B) . By IHC, PTEN was depleted or undetectable in vimentin-positive tubules of TIF foci, in contrast to adjacent PTEN-positive tubules with normal structure (Fig. 6, D and E) . Such undifferentiated tubules displayed nuclear phospho-c-Jun (Fig. 6, G and H) .
PTEN expression and epithelial differentiation are coordinately regulated by TGF-␤ in PT cell cultures. The maleate model emphasized a primary role for epithelial processes rather than interstitial or vascular factors in defective tubule repair after AKI. However, it remained unclear how this pathology occurs. The close association of PTEN depletion and failed differentiation in tubules with persistently increased signaling by TGF-␤ and JNK pathways suggested that the phenomena are interconnected. We investigated these connections using cultured PT cells.
Autocrine TGF-␤ signaling is inhibited by cell density in cultured PT cells-high in growing cells but low in growtharrested differentiated cultures (14) . Revisiting this paradigm (14), we found that PTEN is low in growing undifferentiated cells but increased about threefold in differentiated cultures (Fig. 7A) . Conversely, removal of ϳ90% confluent cell mass by wounding (24) induced TGF-␤ signaling, dedifferentiation, and proliferation (14) , while PTEN decreased (Fig. 7B) . TGF-␤ signaling in wounded cultures was inhibited by neutralizing antibodies, indicating the nascent production of active TGF-␤ (14) . As wounded cultures regained cell mass and differentiated, TGF-␤ signaling became suppressed once more while PTEN increased again (not shown). Therefore, PTEN correlated directly with differentiation status and inversely with TGF-␤ signaling intensity. Together, the data suggested that TGF-␤ signaling, PTEN, and differentiation are controlled by cell density in an autoregulated loop. We speculated that this homeostatic control is overcome by increased TGF-␤. Accordingly, exposure to exogenous TGF-␤ decreased PTEN and inhibited the expression of differentiation markers Na ϩ -K ϩ -ATPase, ksp-cadherin, and NEP (Fig. 7C) . These effects were blocked by TGF-␤ receptor antagonist SB431542 (not shown). We knew that TGF-␤ receptor antagonism promotes PT differentiation after IRI and in culture by blocking autocrine effects (14) . Therefore, we reexamined the effects of SB431542 on PTEN expression in the absence of exogenous TGF-␤. SB431542 increased PTEN, while promoting differentiation (Fig. 7D) , effects reproduced by adenoviral expression of Alk5KR, a dominant negative TGF-␤ type I receptor, and Smad7 (not shown).
Cre-Lox PTEN ablation compromises differentiation; differentiation promoting actions of TGF-␤ antagonism involve PTEN.
Suspecting that PT differentiation is PTEN dependent, we examined the effects of Cre-Lox PTEN ablation. Ablation of one PTEN allele in PTEN ϩ/loxP cultures by adenoviral Cre vector (Ad-Cre) induced PTEN depletion and activation of Akt and Akt-mTOR reporter ribosomal S6; Ad-LacZ was ineffective ( Fig. 7E) . At confluence, Ad-LacZ cells showed high expression of differentiation markers, whereas Ad-Cre cells showed diminished expression (Fig. 7E) . When PTEN ϩ/loxP cells were infected with Ad-Cre or Ad-LacZ and exposed to SB431542 or vehicle, PTEN increased in Ad-LacZ cells as a result of treatment with SB431542. Cells with Ad-Cre and SB431542 had slightly higher PTEN levels than Ad-Cre cells without the inhibitor, suggesting that PTEN derived from one allele had responded to the drug. Nevertheless, PTEN was markedly depleted in Ad-Cre cells regardless of TGF-␤ inhibition (Fig. 7F ). Increases and decreases of PTEN caused reciprocal changes of Akt activation (Fig. 7F) . The opposing actions of Ad-Cre and SB431542 on cells with single floxed or intact PTEN alleles were reflected by corresponding effects on differentiation. Accordingly, Ad-Cre cells with SB431542 showed modestly increased differentiation compared with cells without the inhibitor. However, compared with Ad-Lac-Z cells, PTEN depletion by Ad-Cre inhibited differentiation, both in the presence and absence of SB431542 (Fig. 7F) .
Low PTEN is associated with growth arrest of PT cells in culture and in vivo.
Because it is a PIP3 phosphatase, low PTEN should stimulate proliferative signaling by Akt. However, after infection of 0.22 ϫ 10 6 PTEN ϩ/loxP cells with Ad-LacZ or Ad-Cre (2 MOI each on days 1 and 3), cell numbers on days 3 and 5 were (ϫ10 6 , means Ϯ SD) 0.87 Ϯ 0.13 and 1.13 Ϯ 0.06 for LacZ and 0.70 Ϯ 0.15 and 0.55 Ϯ 0.18 for Cre (n ϭ 3, P Ͻ 0.05 on day 5). Therefore, despite Akt activation (Fig. 7E) , PTEN-depleted cells became growth arrested. In view of these results, we assessed Ki67 proliferation indexes in tubules after IRI. As expected for a proliferative response to injury, Ki67 labeling increased 3 days after IRI. PTEN was uniformly low by IHC at this time in regenerating PT (not shown). This is analogous to the decrease of PTEN that occurred in cultured PT cells that proliferated in response to loss of cell mass by wounding (Fig. 7B) . However, during late stages of repair, when some populations of regenerating tubules differentiated but others did not, proliferation indexes returned to control values. Two weeks after IRI, Ki67-positive nuclei per tubule profile in the OSOM (means Ϯ SE) were IRI Ϫ0.13 Ϯ 0.0, n ϭ 8; IRI plus SD208 Ϫ0.17 Ϯ 0.0, n ϭ 6; controls Ϫ0.24 Ϯ 0.1, n ϭ 5; NS. These values reflected the proliferation status of undifferentiated tubules associated with fibrosis as well as tubules with normal morphology. Therefore, in culture and during tubule repair after IRI, PTEN depletion was associated with growth arrest, and not proliferation. PTEN depletion could induce cellular senescence (1). However, in culture and in vivo, PTEN-depleted PT cells were devoid of senescence markers ␤-galactosidase and Ink family cdk inhibitors (not shown).
PTEN depletion mediates TGF-␤-induced JNK signaling in cultured PT cells.
We found that autocrine JNK signaling activity is regulated by cell density in cultured PT cells, coordinately with TGF-␤ signaling and PTEN. That is, lowdensity cells displayed high levels of phosphorylated JNK and c-Jun (Fig. 8A) , which corresponded to high autocrine TGF-␤ signaling (14) and low PTEN (Fig. 7A) , whereas JNK and c-Jun phosphorylation became suppressed in high-density growth-arrested cells (Fig. 8A) at the same time that TGF-␤ signaling was also suppressed (14) and PTEN had increased (Fig. 7A) . Moreover, wounding of confluent growth-arrested PT cells resulted not only in cell proliferation, activation of (14) (see Fig. 7A ). Concomitantly, phosphorylation of JNK and c-Jun is suppressed. B: confluent BUMPT cultures wounded to remove ϳ90% cells and studied 6 and 24 h later. Regeneration is accompanied by increased TGF-␤ signaling and dedifferentiation (14) (see Fig. 7B ), and it increased phosphorylation of JNK and c-Jun. C: BUMPT cells were cultured with 2 ng/ml TGF-␤ for 48 h; TGF-␤ increases JNK and c-Jun phosphorylation. D: BUMPT cells were grown at very low density with 1 M TGF-␤ receptor antagonist SB431542 or vehicle for 4 days. Increase of PTEN and accelerated differentiation caused by SB431542 (Fig. 7D) are accompanied by diminished phosphorylation of JNK and c-Jun. E: confluent PTEN ϩ/loxP PT cell cultures were infected with 2 MOI AdfloxLacZ or AdCreM2 and studied after 3 days. Decreased PTEN (Fig. 7E) is accompanied by increased JNK and c-Jun phosphorylation. F: subconfluent PTEN ϩ/loxP PT cell cultures were infected with 2 MOI AdfloxLacZ or AdCreM2 and concurrently grown with 2 M SB431542 or vehicle for 2 days. PTEN is decreased by Ad-Cre regardless of SB431542 treatment, and this is accompanied by enhanced JNK and c-Jun phosphorylation. (14) . As phospho-Smad2 (p-Smad2) decreases and ksp-cadherin, neutral endopeptidase (NEP), and Na ϩ -K ϩ -ATPase increase, PTEN increases ϳ3-fold and phospho-Akt is diminished. Cell extracts used for Western blotting are from the experiment in Fig. 1B of Geng et al. (14) . (PTEN was quantitated using IRDye 800-labeled secondary antibodies in the LI-COR Odyssey system.) B: confluent BUMPT cultures were wounded to remove ϳ90% cells and studied 6 and 24 h later. Regeneration is accompanied by increased TGF-␤ signaling and dedifferentiation (14) . PTEN declines and phospho-Akt increases during this period; concurrently, differentiation marker NEP is decreased. C: BUMPT cells were cultured with 2 ng/ml TGF-␤ for 48 h. D: BUMPT cells at very low density were grown with 1 M SB431542 or vehicle. With or without TGF-␤ antagonist, cells were proliferating and remained subconfluent over 4 days, but PTEN increased and cells differentiated. Cell extracts used for Western blotting are from the experiment shown in Fig. 5 of Geng et al. (14) . E: confluent PTEN ϩ/loxP PT cell cultures were infected with 2 MOI AdfloxLacZ or AdCreM2 and studied after 3 days. F: subconfluent PTEN ϩ/loxP PT cell cultures were infected with 2 MOI AdfloxLacZ or AdCreM2 and concurrently grown with 2 M SB431542 or vehicle for 2 days.
TGF-␤ signaling (14) , and decrease of PTEN (Fig. 7B ), but also in large increases of JNK and c-Jun phosphorylation (Fig.  8B) . Thus, TGF-␤ signaling, PTEN, epithelial differentiation, and JNK signaling appeared to be controlled coordinately by cell density-dependent autoregulation. We asked whether TGF-␤ would deregulate the effects of cell density on JNK activity. JNK and c-Jun phosphorylation increased progressively during prolonged TGF-␤ treatment (Fig. 8C) . Furthermore, antagonism of autocrine TGF-␤ signaling by SB431542 produced the opposite effect, i.e., suppression of JNK and c-Jun signals (Fig. 8D) . Therefore, we asked whether PTEN plays a role in TGF-␤-mediated JNK signaling. PTEN depletion by Ad-Cre caused increased JNK and c-Jun phosphorylation (Fig. 8E) . Furthermore, SB431542 decreased the phosphorylation of JNK and c-Jun in Ad-LacZ cells with intact PTEN, but this suppressive effect of TGF-␤ antagonism was blunted in PTEN-depleted Ad-Cre cells (Fig. 8F) . We examined whether the effects of PTEN depletion on JNK were mediated through TGF-␤ production. JNK activation may involve TAK1, a TGF-␤-activated kinase (28) . However, TGF-␤ expression was not increased in PTEN-depleted cells (not shown). Therefore, low PTEN was sufficient, in itself, to cause JNK activation.
Fibrosis after AKI may be related to TGF-␤ and CTGF secretion stimulated by JNK signaling in tubules undergoing pathological growth arrest during repair (45) . In our study, undifferentiated tubules located in fibrotic areas showed increased expression of PDGF-B and CTGF by IHC (not shown; but illustrated for PDGF-B in Fig. 7 of Ref. 41 ). To investigate whether PTEN loss leads to TGF-␤, PDGF-B, or CTGF expression, we measured mRNA by real-time PCR in cultured PT cells. mRNA for the peptides did not increase in cells with Cre-Lox PTEN depletion (not shown). Thus, PTEN deficiency did cause growth arrest-and could trigger JNK signaling in cultured PT cells, but this alteration was insufficient, in itself, to augment TGF-␤, PDGF-B, or CTGF expression. Therefore, it seems unlikely that the expression of fibrogenic peptides in the dysfunctional tubules that develop after AKI can be explained by PTEN depletion alone.
Tubule-specific induction of TGF-␤ reproduces the PTENdepleted high-JNK signaling epithelial phenotype. We used double transgenic mice (Pax8-rtTA/tetO-TGF-␤1) in which the Pax8-promoter directs expression of the rtTA specifically to renal tubular epithelial cells. Upon doxycycline induction, rtTA binds and transactivates a tetracycline-dependent promoter and triggers expression of the effector gene TGF-␤1, producing epithelial degeneration and TIF (22) . We examined tissue by IHC. By 4 days of TGF-␤ induction, PTEN decreased in PT epithelium (Fig. 9B) . Tubules with PTEN loss (Fig. 9C) displayed increased JNK/c-Jun signaling (Fig. 9D) . TIF develops during the chronic phase of TGF-␤ induction in these kidneys (22) . Tubules in fibrotic foci displayed undifferentiated epithelium contrasting with adjacent normal PT. PTEN was decreased in undifferentiated tubules of fibrotic foci (Fig.  9, E and F) . Tubules with low PTEN in fibrotic areas showed nuclear phospho-c-Jun (Fig. 9G) . These data show that sustained TGF-␤ signaling decreases tubule PTEN and activates JNK signaling in vivo and that these alterations precede tubule dedifferentiation, tubule degeneration, and fibrosis.
PTEN-depleted tubule phenotype associated with fibrosis is potentially reversible.
The presence of an intact kidney compromises recovery from UIRI. The ischemic kidney undergoes atrophy over time (12) and the TIF that develops is more severe than in other ischemic models (45) . Removal of the intact kidney after prolonged reperfusion decreases chronic damage by recruiting functional nephrons (12, 45) . This effect of an intact kidney on chronic injury after UIRI is termed "renal counterbalance" (13) . We used the counterbalance model to ask whether failed tubule differentiation with low-PTEN and high-JNK signaling is reversible. Two weeks after UIRI, there was tubule atrophy and TIF in left ischemic kidneys; after 2 more wk, TIF tended to progress further. However, if the right kidney was removed 2 wk after UIRI, TIF after 2 more wk was milder than in UIRI rats with intact right kidneys for either 2 wk or the entire 4-wk period (Fig. 10) . Accordingly, TIF grades of 4-wk UIRI kidneys 2 wk after right nephrectomy (means Ϯ SE Ϫ1.6 Ϯ 0.3, n ϭ 8) were lower than 2 or 4 wk after UIRI with right kidney intact (means Ϯ SE Ϫ3.0 Ϯ 0.4, n ϭ 6 and 3.2 Ϯ 0.5, n ϭ 8; P Ͻ 0.05).
PTEN was lost from large numbers of PT 2 wk after UIRI; such tubules showed "atrophic" morphology (Fig. 11B) . In contrast to PTEN-replete tubules, PTEN-depleted tubules expressed vimentin, which was present in fibroblasts also (Fig.  11, E and F) . These alterations became worse in UIRI rats with intact right kidneys for the entire 4 wk (Fig. 11C ), but were ameliorated by right nephrectomy 2 wk after ischemia (Fig.  11D ). Tubules devoid of brush border that expressed vimentin but not normally differentiated tubules showed nuclear phospho-c-Jun (Fig. 11, G and H) . Although nephrectomy is not therapeutically significant, these results do suggest that PTEN loss and tubule dedifferentiation are potentially correctable. Therefore, the UIRI model may be useful to screen other clinically applicable measures to similarly ameliorate postischemic tubule atrophy.
PTEN depletion, failed differentiation, and JNK signaling in tubules are features of TIF in human CKD. We examined kidney tissue from human patients by IHC (Fig. 12) . In biopsies reported to be normal (including minimal change disease), PTEN staining was moderate to strong in PT but weak in the distal nephron (Fig. 12, A and B) , similar to findings in normal rats. Vimentin was present in vascular structures and interstitial cells, but not tubules. However, biopsies from diverse chronic diseases showed PTEN loss from tubules associated with fibrosis. PTEN-negative tubules stained for vimentin as well as keratin (Fig. 12, D and E) . As in rats after IRI, there were abrupt transitions in PT between cells with PTEN but no vimentin, and cells with vimentin but no PTEN; such transitions involved single cells or small clusters (Fig. 12, G and H) . In contrast, distal nephron segments expressed keratin but not vimentin in both normal and diseased kidneys (Fig. 12, A, B, D , E, G, and H; indicated by green * in G and H). Interstitial cells stained for vimentin but not keratin (Fig. 12 D,E) . Distinction of nuclear phospho-c-Jun staining between PTEN-positive and PTEN-negative tubules was not as clear in human biopsies as in animal models, perhaps caused by the delay of fixation that biopsies undergo before fixation. Nevertheless, there was a trend for increased phospho-c-Jun staining of tubules in biopsies with TIF compared with those without (Fig. 12, C and F) .
DISCUSSION
As dead epithelium is shed from injured tubules, surviving cells dedifferentiate, migrate, and proliferate (4). Normal repair requires redifferentiation of epithelium after tubule mass is reconstituted. We show that failure of a subpopulation of regenerating tubules to differentiate is associated with fibrosis after IRI. Tubules with failed differentiation were derived from PT, the most injury-prone nephron segment. We reported previously that wounding of confluent PT cultures triggers TGF-␤ signaling. The autocrine trigger is provided by woundinduced production of active TGF-␤, shown by the effects of neutralizing antibodies (14) . Wounding induces dedifferentiation, migration, and proliferation, mimicking tubule regeneration in vivo. When cells reached quiescence at high density, autocrine TGF-␤ signaling became suppressed, and cells differentiated. Remarkably, when autocrine TGF-␤ signaling was inhibited in undifferentiated primary cultures of PT, cells grew faster, but concurrently underwent differentiation (14) . These beneficial effects of TGF-␤ receptor antagonism are consistent with known homeostatic functions of the cytokine in epithelia, and they suggested that culture conditions induce autocrine TGF-␤ signaling at intensities that exceed physiological needs. Analogously, TGF-␤ signaling activated by IRI in tubules (37) may exceed the threshold for physiological regeneration; and persistently high autocrine TGF-␤ after IRI could prevent redifferentiation, a notion supported by better epithelial differentiation in vivo produced by a TGF-␤ antagonist (14) . In culture, TGF-␤ disrupts PT cell junctions (49) . However, cell junction integrity is but one aspect of the differentiation repertoire. As shown by data obtained in cultured mouse PT cells and after IRI in rats, TGF-␤ antagonism promoted the restoration of a broad spectrum of differentiated features-structural, functional, and biochemical-in regenerating PT cells (14) . The signaling underpinnings of these effects remained unclear. We now introduce PTEN as one important link between TGF-␤ signaling and differentiation.
TGF-␤ regulation of PTEN in the kidney has received little attention. TGF-␤ decreased the translation of PTEN in mesangial cells through microRNA species 216a and 217 (20) . How TGF-␤ regulates PTEN in PT cells is unexplored. During physiological growth, we found that TGF-␤ signaling and PTEN were coordinately but inversely regulated. PTEN was low when TGF-␤ signaling was high during proliferation, but it increased when TGF-␤ signaling was low in differentiated cultures. Shown by Cre-Lox deletion, PTEN was required to maintain differentiation in PT cultures and was involved in the promotion of differentiation by TGF-␤ antagonist SB431542. Variations of PTEN in cultured cells were mirrored in vivo. PTEN declined after IRI as surviving cells dedifferentiated and proliferated, and it increased when recovering PT differentiated once more. In contrast, tubules that failed to redifferentiate-the population associated with TIF-did not recover PTEN, became defective, and exhibited phlogistic JNK signaling. Remarkably, adjacent cells of single tubules also exhibited abrupt contrasts of PTEN expression, differentiation, and JNK signaling. Thus, signaling decisions that determined cell fate during repair appeared to have been made at the level of individual cells. This would suggest that defective differentiation was caused by an autocrine signaling disorder. Paracrine modulation may have played a broader role but the images of single normal cells surrounded by defective epithelium and vice versa suggest that autocrine defects were dominant. Paracrine factors secreted by interstitial cells, by themselves, are unlikely to have spared single cells in an epithelial population with such precision. Our experiments with maleate suggest further that epithelial injury dominates in determining tubule fate and subsequent fibrosis. Interstitial damage is not required a priori.
The effects of PTEN deficiency were counterintuitive since Akt signaling caused by PTEN loss should increase, not inhibit, cell proliferation or should induce hypertrophy and not atrophy. Indeed, tissue-specific PTEN knockout induces hypertrophy, hyperplasia, and neoplasia in several tissues (5, 7, 21) . Unlike AKI, these models describe effects over long periods that allow for adaptations to genomic instability caused by PTEN loss (35) that may perturb cell growth. Of note, senescent epithelium was found to coexist with hyperplasia or neoplasia in PTEN-null prostate (7) and acute PTEN ablation caused growth arrest and senescence in fibroblasts (1). In our study, heterozygous PTEN ablation produced growth arrest and dedifferentiation of PT cells but did not induce the expression of senescence markers.
The impact of PTEN loss and JNK activation on fibrosis needs consideration in context of other signaling disorders that may be involved. ERK-MAPK is one example. Following rapid activation, phospho-ERK (Thr202/Tyr204) subsided by 2 days of IRI, but subsequently increased during fibrosis (not shown). Phospho-ERK localized to undifferentiated tubules of the PTEN-depleted phenotype in fibrotic tissue but not to normal tubules (not shown). Such tubules also expressed fibrogenic peptides: PDGF-B and CTGF (not shown; but illustrated for PDGF-B in Fig. 7 of Ref. 41 ). On the other hand, in cultured PT cells, selective PTEN depletion increased JNK activity (Fig. 8E ), but not TGF-␤, PDGF-B, or CTGF expression (not shown). Nevertheless, JNK inhibition ameliorated fibrosis after IRI (10, 17, 45) . By itself, PTEN depletion likely cannot explain TIF and requires cooperation with other TGF-␤ intermediates. Our data suggest that TGF-␤ signaling depletes PTEN in tubules. After normal repair, TGF-␤ signaling is suppressed, PTEN recovers, and tubules differentiate. However, unknown pathological events mitigate PTEN recovery in some tubules and prevent differentiation, allowing for unabated signaling through multiple pathways, including TGF-␤. This results in a vicious cycle of signaling and dedifferentiation that perpetuates tubule dysfunction. In this setting, JNK activity alone may be insufficient for fibrosis; cooperation with other signaling intermediates may be necessary. The actions of JNK-MAPK and other MAPKs including ERK form AP-1 complexes of Jun, Fos, and related proteins (19) , and transcription by AP-1 is required for TGF-␤-mediated fibrosis in other systems (2) . However, TGF-␤-dependent transcription typically involves interdependent activity of AP-1 and Smads (11, 25, 42, 50) , suggesting that AP-1 formed downstream of JNK needs to interact with Smads to cause fibrosis. Induction of PDGF-B and CTGF by TGF-␤ as well as TGF-␤ autoinduction are Smad mediated (8, 40, 46) , and both CTGF induction and TGF-␤ autoinduction involve interdependent signaling by JNK/ERK and Smads (8, 46) . Moreover, MAPK signaling initiated by epidermal growth factor receptor activity is required for sustained TGF-␤ expression during angiotensin II-induced renal fibrosis (6) . Therefore, we suggest that JNK signaling in PTEN-depleted tubules cooperates with Smad signaling to increase fibrogenic peptide expression. Figure 13 summarizes the interactions of TGF-␤, PTEN, and MAPK signaling that we propose may be involved in renal fibrosis after AKI.
How PTEN relates to fibrosis after IRI needs to be examined using genetic models of tubule-specific PTEN deletion or gain-of-function inducibly following the initiation of AKI. We do not know how PTEN deficiency prevents tubule redifferentiation in a tubule subpopulation after IRI. However, we suggest that PTEN-depleted epithelium provides a platform for the persistence of signaling that needs to be suppressed after tubule repair. TIF develops as a consequence of this dysfunction. Thus, we may predict that fibrosis after AKI in a model of tubule-specific PTEN deletion will be more severe and that inducible gain of PTEN might "rescue" the kidney from TIF. Such experiments will be technically demanding but feasible.
In summary, we describe findings that explain several aspects of tubule pathology during fibrosis after IRI. Notwithstanding other TGF-␤ effectors and signaling mediators that operate in parallel, the PTEN step is likely to be a critical part of the mechanism that produces defective tubules. PTEN deficiency possibly relates to TIF development after kidney damage. Similar themes-PTEN loss, dedifferentiation, JNK signaling, and fibrosis-in animal models of AKI and in human CKD-suggest that defective repair of tubules with persistent PTEN loss underlies TIF in diverse contexts. Epithelial PTEN deficiency is closely linked temporally and spatially to interstitial fibrosis. At least in early stages, PTEN loss, tubule pathology, and surrounding fibroblast proliferation are potentially reversible. We believe that PTEN is an important target for TIF research. The growth arrest response to PTEN loss in cultured cells and the paradoxical finding of PTEN deficiency in growth-arrested, dedifferentiated tubules with Fig. 13 . Proposed schema of the signaling basis for failed tubule repair and associated fibrosis after acute kidney injury. Following primary injury, there is a loss of PTEN and activation of signaling by MAPKs and TGF-␤ in surviving tubule epithelium that is transformed to a dedifferentiated, migratory, and proliferating phenotype. If tubules are repaired normally, cessation of proliferation is accompanied by suppression of signaling initiated earlier, recovery of PTEN, and by redifferentiation of epithelium (not shown). However, as depicted here, some tubules fail to redifferentiate despite growth arrest. Cells in these tubules have severe PTEN loss and unabated signaling by TGF-␤ and MAPKs. We suggest that persistently high TGF-␤ signaling, sustained PTEN loss, and ensuing failed epithelial differentiation constitute a vicious cycle of abnormalities that maintain a state of defective tubule repair. In this setting of persistent signaling, AP-1 complexes formed by the actions of MAPK (JNK, ERK, others) and Smads activated by TGF-␤ cooperate to increase the production of cytokines that induce fibrosis in the immediately adjacent interstitial microenvironment. persistent regenerative signaling after IRI raise fundamental questions regarding the role played by this tumor suppressor in renal disease.
